Objective-To examine the submaximal and maximal indices of the exercise response of patients with hypertrophic cardiomyopathy. Design and setting-Prospective examination of cardiopulmonary responses to ramp exercise test of a consecutive group of patients with hypertrophic cardiomyopathy attending a cardiomyopathy outpatient clinic. Methods-50 patients aged 12 to 76 years (mean (SD) 35 (14)) with diagnosis of hypertrophic cardiomyopathy performed incremental cycle ergometry; 22 sedentary volunteers (seven female, 15 male) aged 14 to 58 years (mean (SD) 31 (12)) served as controls. Respiratory gas was continuously sampled from the mouthpiece, and its concentration profile phase aligned to the respired air flow signals. Following analogue to digital conversion, gas exchange variables were computed breath by breath and the data were averaged every 30 seconds for graphic display. A 12 lead ECG was monitored continuously and recorded every three minutes during the exercise. Results-Both the peak oxygen uptake attained on the test (Ṽ O 2 peak) and anaerobic threshold were reduced in patients with hypertrophic cardiomyopathy compared with the control group (p < 0.0001). In 29 patients (59%) the Ṽ O 2 peak was less than 60% and only two patients achieved a peak above 80% of their predicted values. The anaerobic threshold was below 60% of the predicted value in 31 patients and above 80% in only three patients. The slope of oxygen uptake/ work rate relation ( Ṽ O 2 / WR) was decreased in 16 patients (32%). The maximum oxygen pulse (Ṽ O 2 /HR) was reduced as a percentage of the predicted value, and became flat at high work rates in 32 patients. There was a significant correlation between anaerobic threshold and Ṽ O 2 peak (p < 0.0001), work eYciency (p < 0.0001), and maximum oxygen pulse (p < 0.0001). The slope of change in ventilation against change in carbon dioxide output ( Ṽ E/ Ṽ CO 2 ) for the subanaerobic threshold range was increased in 36 patients (72%) and was inversely correlated with anaerobic threshold (p < 0.0002). Conclusions-There were severe abnormalities in maximal and submaximal indices of pulmonary gas exchange in a cohort of hypertrophic cardiomyopathy patients attending a referral cardiovascular clinic. The pattern of the abnormalities suggests that a reduced stroke volume response, ventilation/perfusion mismatch, and abnormal peripheral oxygen utilisation are the possible mechanisms of exercise intolerance. (Heart 1998;80:60-67) 
The pattern of ventilatory and pulmonary gas exchange response to an appropriate exercise test can be used to gain information on both the cause and degree of exercise intolerance. Breath by breath computation and display of a selected cluster of variables have been widely used to discriminate between respiratory and circulatory causes of exercise intolerance. The most commonly used index of functional limitation in patients with cardiovascular disorders is the peak oxygen uptake (Ṽ O 2 peak). This is usually below the predicted value compared with age, sex, and height matched normal controls, owing to impaired oxygen delivery to the contracting muscle. In addition, patients typically become "detrained" as a result of decreased levels of activity and the Ṽ O 2 peak is further reduced. There are currently no valid means of estimating what proportion of the reduced Ṽ O 2 peak can be attributed to the cardiovascular disorder itself and what to detraining. Furthermore, symptoms such as pain may prevent patients from making a maximum eVort, and apprehension and fear of "bringing on an attack" can lead to exercise cessation even before the onset of symptoms. The Ṽ O 2 peak may not therefore be a valid index of functional capacity in such patients While various studies of cardiopulmonary response to exercise have shown a reduction in peak oxygen uptake in patients with hypertrophic cardiomyopathy, little is known about the behaviour of other indices in the gas exchange profiles in these patients. The aim of this study was therefore to characterise the profiles of a range of cardiopulmonary responses during ramp incremental exercise and to establish their relation to indices of exercise tolerance and symptoms in a population of patients with hypertrophic cardiomyopathy. myotomy-myectomy, those with a pacemaker in situ, those with abnormal blood pressure response to exercise, and those who had established atrial fibrillation were excluded, to minimise the number of complicating features. The study group included 15 females and 35 males, aged 12 to 62 years, mean (SD) 35 (14) years. The diagnosis of hypertrophic cardiomyopathy was based on conventional WHO criteria, 4 that is, unexplained left ventricular hypertrophy in excess of that predicted for age, sex, and body surface area. Nine patients, within this cohort did not fulfil the WHO criteria for hypertrophic cardiomyopathy, but these were either obligate or proved gene carriers. 5 The left ventricular dimensions were: maximum wall thickness, 0.8 to 3.8 cm, mean (SD) 19 (6) cm; left ventricular end diastolic dimension, 3 to 5.4 cm, mean (SD) 4.2 (0.6) cm; and left ventricular end systolic dimension, 1.2 to 3.5 cm, mean (SD) 2.4 (0.6) cm. The left atrial dimension was 2.9 to 6.8 cm, mean (SD) 4.1 (0.8) cm. Eleven patients had a left ventricular outflow gradient greater than 30 mm Hg. All the patients had an abnormal resting ECG and nine were asymptomatic. Of those with symptoms, 28 had chest pain; this was exertional in 15, atypical (not associated with exertion) in four, atypical and exertional in nine. Thirteen of the patients had a history of presyncope and five had syncope. Twenty four patients had New York Heart Association (NYHA) grade II dyspnoea and five had NYHA grade III dyspnoea. Forty two of the patients were on drugs: seven on amiodarone, 16 on calcium channel blockers, six on disopyramide, and 13 on blockers. Patients were requested not to take these drugs for 48 hours before their exercise tests. With the exception of amiodarone, the half life for these drugs is approximately eight hours, with a time constant of 12 hours. As four time constants are required for the clearance of these drugs, we chose 48 hours as an appropriate time to minimise both the eVects of the drugs and the time during which the patients were oV treatment. The half life of amiodarone is up to 100 days. We therefore thought it prudent to allow patients to continue with this drug.
Twenty two sedentary volunteers (seven female, 15 male) aged 14 to 58 years, mean (SD) 31 (12) years, served as controls. The control group consisted of individuals who had no medical history of cardiovascular or other systemic disorders. None was involved in heavy exercise or athletic training. Three of the volunteers exercised regularly (two jogged three times a week to keep fit and one played squash occasionally), while five of the patients also exercised to keep fit. The control group was age and sex matched to the patients. Six of the volunteers and 22 of the patients had had previous exercise tests. The formula of Wasserman et al was used to calculate the predicted Ṽ O 2 peak for both the control and the patient groups.
1
The exercise tests were performed in the morning in all cases, in an air conditioned exercise laboratory (average temperature of 21°C) with full resuscitation facilities and two investigators present at all times. All subjects were told what was expected of them and were appraised of the signals to be used to communicate with those in attendance during the test. All subjects were given the opportunity to become familiar with the cycle ergometer. The saddle height was individually adjusted and the subjects' feet were secured to the pedals with straps. The work rate for the incremental exercise ranged from 5 to 15 W/min and was based on patients' account of daily physical activity, age, sex, and medical history. The aim was to achieve an exercise time of 10 minutes 1 by selecting the appropriate exercise ramp rate for each patient. Subjects rode to the limit of volitional tolerance.
A previously calibrated 6 and electronically braked cycle ergometer (Medgraphics Cardio 2; Medical Graphics Corporation, St Paul, Minnesota, USA) was used to exercise the subjects in an upright position. This system provides an actual "zero" load with unloaded cycling-that is, a "motor assist" overcomes the mechanical resistance normally present at zero load cycling (often 20 to 30 W or more). The subjects began the incremental ramp 7 after three minutes of unloaded pedalling. They breathed room air through a disposable, low resistance (approximately 1.2 cm/l/min at 12 l/min), low dead space (39 ml) flow meter. 8 The flow meter was calibrated with a three litre syringe, using a range of flows. Respiratory gas was sampled continuously from the mouthpiece and analysed using a zirconia cell for oxygen and an infrared sensor for carbon dioxide. These signals underwent analogue to digital conversion for breath by breath calculation of Ṽ O 2 and Ṽ CO 2 , using algorithms based on the procedure of Beaver et al. 9 Signals from a 12 lead ECG were displayed continuously for observation, and recorded at regular intervals during the exercise and in the recovery phase. Blood pressure was determined by auscultation at one minute intervals during the test and recovery phase.
The anaerobic threshold was determined from the plot of Ṽ CO 2 against Ṽ O 2 , as described by Beaver et al 9 and Sue et al, 10 where the slope of this linear relation increases owing to a rise in Ṽ CO 2 (V slope) (fig 1) . Further confirmation of the anaerobic threshold was provided from Ṽ E/Ṽ CO 2 , ṼE/Ṽ O 2 , end tidal PCO 2 , and end tidal PO 2 relations, as described by Whipp et al, 11 Ṽ E being ventilation (expired volume per minute). The linear region of the plot (fig 1) of Ṽ O 2 against work rate ( Ṽ O 2 / WR) has been shown to be a major determinant of the subject's aerobic eYciency or more properly its inverse proportionality.
The heart rate response as a function of work rate was examined for its maximum value and its slope. The oxygen pulse (Ṽ O 2 /heart rate) was also determined; this is numerically equivalent to the product of the stroke volume and the arteriovenous diVerence in oxygen content, that is:
Figure 1 Profile of response of Ṽ CO 2 (uppermost panels), ventilatory equivalent for Ṽ O 2 and Ṽ CO 2 (middle panels), and end tidal PO 2 and end tidal PCO 2 (lower panels) as a function of oxygen uptake during an incremental test to the limit of tolerance in a male control (left panels) and a patient with hypertrophic cardiomyopathy (right panels). Note the reduced anaerobic threshold in the patient.
Where Ṽ O 2 is maximum oxygen uptake, HR is the heart rate, SV is the stroke volume, and C(a−v) O 2 is the arterial-mixed venous oxygen content diVerence.
"Flattening" of the oxygen pulse profile as a function of work rate has previously been shown in patients with cardiovascular disease. 1 12 The "flatness" of the oxygen pulse was characterised in relation to the number of work rate increments over which the oxygen pulse was unchanged (expressed as percentage of maximum work rate). The range of the flatness of the oxygen pulse was calculated by identifying a region in the high work rate that was clearly flat and superimposing a line of best fit with zero slope through these data points. The point where the actual data points departed from the line of best fit was considered to be the work rate at which the oxygen pulse became flat.
The slope of Ṽ E/Ṽ CO 2 was determined from the lower linear region of the plot of Ṽ E as a function of Ṽ CO 2 , that is, the subanaerobic threshold region.
The Pearson correlation analysis and t test were used to test significance (assumed at p < 0.05).
Results
Exercise testing was performed without complications or the development of sustained supraventricular or ventricular arrhythmia. The patients terminated exercise for a variety of reasons: dyspnoea in 13, chest pain in eight, leg pain in seven, light headedness in two, exhaustion in 14, and leg pain and exhaustion in six. The duration of exercise was 4.5 to 22 minutes (mean (SD) 10.4 (3)).
PEAK OXYGEN UPTAKE
The peak Ṽ O 2 was significantly reduced in patients with hypertrophic cardiomyopathy (9.4 to 32 ml/min/kg, mean (SD) 20.94 (6.05)) compared with the controls (27.5 to 43.4 ml/min/kg, mean (SD) 35.17 (5.6)) (p < 0.0001). Twenty nine patients (58%) had a ṼO 2 peak less than 60% of the predicted value. Nineteen (38%) achieved values between 60% and 80% of predicted. Only two patients (4%) achieved a Ṽ O 2 peak in excess of 80% the predicted value.
ANAEROBIC THRESHOLD
In the patients, the anaerobic threshold was 3.8 to 15.8 ml/min/kg (mean (SD) 9.9 (2.71)), compared with 11.5 to 26 ml/min/kg (mean (SD) 18.56 (4.5)) in the controls (p < 0.0001). In 31 patients (62%), the anaerobic threshold was below 60% of the predicted value. Sixteen patients (32%) achieved values between 60% and 80% of their predicted value. Only three patients reached an anaerobic threshold in excess of 80% of the predicted value; two of these patients had also achieved a peak Ṽ O 2 of more than 80% of the predicted value.
OXYGEN UPTAKE/WORK RATE RELATION
The linear region of the plot of oxygen uptake against work rate had a slope of 6 to 11 ml/min/W (mean (SD) 9.2 (1.3)), compared with 9.2 to 11 (10.1 (0.5)) in the controls (p < 0.0013). This slope was normal in 34 patients (68%). The remaining 16 patients had an abnormally low slope for this relation (fig 2) .
OXYGEN PULSE
The maximum oxygen pulse (Ṽ O 2 /HR) was reduced to 4 to 17 ml/beat (mean (SD) 9.96 (3.11)), compared with 9 to 22 ml/beat (15.33 (3.88)) in the controls (p < 0.0002). In 32 patients (64%), the Ṽ O 2 /HR relation did not continue to increase with the pattern expected in the control subjects but became constant or "flat" over higher work rates. This was associated with a more rapid rate of increase in heart rate, as shown in fig 3. The extent of the flatness of the oxygen pulse ranged from 20% to 50% of the maximum work rate in 32 patients. The maximum heart rate response to exercise was, however, significantly greater in the controls, at 154 to 197 beats/min (mean (SD) 176 (11)) compared with 94 to 185 beats/min (156 (20) ) in the controls (p = 0.0003). In 14 patients (28%) both the peak oxygen pulse and the peak heart rate response were reduced, although the pattern of oxygen pulse was normal. In four patients (8%) who attained a normal value for the peak oxygen pulse, the peak heart rate response was less than 70% of the predicted value for their age and height.
Figure 2 The profile of Ṽ O 2 response, as a function of work rate, in incremental exercise test in a control subject (left panel) and a patient with hypertrophic cardiomyopathy (HCM) (right panel). Note the reduced slope of this relation in the patient with HCM.

ṼE/Ṽ CO 2
The Ṽ E response as a function of Ṽ CO 2 in the subthreshold range, that is below anaerobic threshold, was increased in the patients with hypertrophic cardiomyopathy, at 17 to 50 (mean (SD) 30 (7)), compared with 17 to 27 (22 (3)) in the controls (p < 0.0002) (fig 4) . Twenty six patients had values above 30.
INTERRELATIONS AMONG GAS EXCHANGE INDICES
The maximum left ventricular wall thickness was not related to any measures of exercise response ( fig 5) . Nor did any pretest symptoms correlate with the indices of the exercise profile. Patients with lowest anaerobic threshold tended to have the lowest peak Ṽ O 2 (r = 0.83, p < 0.0001), Ṽ O 2 /WR (r = 0.53, p < 0.0001), and Ṽ O 2 /HR (r = 0.85, p < 0.0001) (fig 6) . The slope of Ṽ E/Ṽ CO 2 , however, was an inverse function of the degree of impairment (fig 4) -that is, the subjects with the lowest anaerobic threshold or peak Ṽ O 2 had the highest slope (r = 0.5, p < 0.0002), the relation being linear.
INTERRELATION BETWEEN GAS EXCHANGE INDICES AND CLINICAL FEATURES
There was no association between maximum wall thickness and exercise limitation in this group of patients. When considered separately, there was no significant diVerence between those with normal wall thickness and those whose left ventricular wall thickness exceeded 15 mm. There was no significant diVerence in either the peak or the submaximal levels of exercise response between the patients with normal and the patients with increased left ventricular outflow gradient (gradient > 30 mm Hg).
Discussion
Our study confirms that patients with hypertrophic cardiomyopathy have reduced peak oxygen uptake compared with controls. However, in isolation, the interpretation of peak exercise variables in patients with cardiovascular disease is diYcult as these can be reduced by "detraining" and by symptoms that cause patients to stop exercise before reaching true maximum exercise capacity. For these reasons, submaximal exercise responses are likely to give a greater insight into the mechanisms of exercise limitation in patients with heart disease.
OXYGEN PULSE
Oxygen pulse (Ṽ O 2 /HR) is numerically equivalent to the product of stroke volume and the arteriovenous oxygen content diVerence. In normal individuals it usually increases in a Figure 3 Profile of response of heart rate and oxygen pulse to progressively increasing work rate to limit of tolerance in a control subject (left panel) and in a patient with hypertrophic cardiomyopathy (HCM) (right panel). Note that the oxygen pulse continues to increase throughout the work rate in the control subject, whereas it reaches a plateau at some 60% of the maximum work rate in a patient with HCM. Note also the clearly discernible increase in the heart rate response at the work rate at which the oxygen pulse begins to plateau.
Figure 4 Profile of the ventilatory response as a function of Ṽ CO 2 during an incremental exercise test to the limit of tolerance in a control subject (left panel) and a patient with hypertrophic cardiomyopathy (right panel). Note the high slope in the patient.
hyperbolic fashion 13 up to maximum oxygen uptake. For the initial 40-50% of oxygen uptake this increase is brought about by the augmentation of stroke volume and the widening of the arteriovenous oxygen content diVerence, but at higher work rates stroke volume reaches a plateau 14 15 or even falls. 16 The continuing rise in oxygen pulse is then largely dependent on increases in arteriovenous oxygen diVerence. 16 17 In our study, the low maximum value of oxygen pulse is consistent with the failure to continue to increase stroke volume during incremental exercise. We cannot rule out the possibility that this pattern of oxygen pulse may have been associated with a decreasing stroke volume and further widening of the arterial-mixed venous oxygen content diVerence. Patients with hypertrophic cardiomyopathy have various potential causes for reduced stroke volume response including diastolic dysfunction, 18 myocardial ischaemia, 19 20 21 and left ventricular outflow obstruction. 22 However, it remains diYcult to assess which of these factors, if any, apply to Response to exercise in hypertrophic cardiomyopathyindividual patients. In 64% of the patients in this study the oxygen pulse did not continue to rise in the expected hyperbolic pattern and became flat. This flattening occurred at or shortly after 50% of maximum work rate. In these patients the increase in Ṽ O 2 was therefore achieved by an increase in heart rate rather than by an augmentation of stroke volume or an increase in arteriovenous oxygen content diVerence (see fig 3 for example) . A previous study showed that stroke volume was a major determinant of exercise tolerance in patients with hypertrophic cardiomyopathy. 23 In that study only the peak values of stroke volume and oxygen uptake were measured. We made continuous measurements of oxygen pulse and hence were able to observe changes in temporal profile, which were not recorded in the previous study. In 28% of the patients, both the peak oxygen pulse and the peak heart rate response were reduced, although the oxygen pulse had a normal pattern. While this is consistent with the failure to augment stroke volume and to increase heart rate appropriately, it could also reflect a submaximal eVort. The latter is unlikely as all these patients achieved a respiratory exchange ratio in excess of 1.2, with end tidal PCO 2 not significantly different from that in the remaining subjects. In 8% of the patients in whom the peak oxygen pulse had a hyperbolic pattern and reached a normal value, the peak heart rate response was less than 70% of the predicted value. This suggests that in these patients the "apparently normal" profile of oxygen pulse was probably the result of an inappropriate heart rate response associated with augmented stroke volume. However, the reduced heart rate response could also have increased the transit time at the periphery, resulting in further widening of the arteriovenous oxygen content difference.
Figure 6 Oxygen uptake to work rate ratio ( Ṽ O 2 / WR), oxygen pulse (Ṽ O 2 /HR), and oxygen uptake (Ṽ O 2 ), and the ratio of ventilation to carbon dioxide production (Ṽ E/Ṽ CO 2 ) as a function of anaerobic threshold (AT) in patients with hypertrophic cardiomyopathy.
ANAEROBIC THRESHOLD
In the present study, the majority of patients had a reduced anaerobic threshold. There was a significant relation between reduced anaerobic threshold and other indices of gas exchange response such as the Ṽ O 2 peak, Ṽ O 2 /WR, Ṽ O 2 /HR, and Ṽ E/CO 2 . The plateau in oxygen pulse appeared at or immediately after the point where the majority of patients had reached anaerobic threshold. One explanation may be the early development of metabolic acidaemia owing to a depressed stroke volume response. Alternatively, acidaemia may have caused suppression of stroke volume 24 and therefore impaired oxygen delivery.
WORK EFFICIENCY
The slope of increase in Ṽ O 2 as a function of work rate ( Ṽ O 2 / WR)-that is, the oxygen cost of the work performed-has been shown to be a major determinant of a subject's work eYciency 1 or more properly its inverse. In normal individuals, this slope is approximately 10 ml/min/W. 25 In patients with heart failure, Ṽ O 2 / WR often becomes shallow towards the end of exercise, 12 probably owing to inadequate blood supply to contracting muscles at higher work rates. While a third of patients in the present study had a Ṽ O 2 / WR value of less than 9, the slope was shallow from the start of exercise in all but one. This pattern of response is described in patients with peripheral vascular disease and primary abnormalities of muscle oxygen extraction. 1 It is possible that in patients with hypertrophic cardiomyopathy, as in other patients with chronic heart disease, there are skeletal muscle changes associated with reduced nutritive flow, a feature of which is poor utilisation of oxygen. As yet there is no evidence that peripheral blood flow is reduced at rest or in exercise in these patients. Changes in skeletal muscle consistent with myogenic myopathies have been reported in patients with hypertrophic cardiomyopathy. 26 This raises the intriguing possibility that this pattern of Ṽ O 2 /WR may be related to the expression of contractile protein gene mutation in peripheral as well as cardiac muscle in these patients. 27 28 ṼE/ Ṽ CO 2
In normal subjects the Ṽ E/ Ṽ CO 2 ratio is less than 30 in the region below the anaerobic threshold. Fifty per cent of patients in our study had an abnormally high value for this slope. An increase in Ṽ E/ Ṽ CO 2 may be the result of hyperventilation or increased dead space. In hyperventilation the arterial partial pressure of carbon dioxide is reduced as the gas is washed out. Although we did not measure the arterial PCO 2 values in this study, the end tidal PCO 2 response in our patient population was not significantly diVerent from that in the controls, which suggests that the mechanism for the increased Ṽ E/ Ṽ CO 2 ratio was increased dead space. Several studies indicate that patients with congestive heart failure have an increased Ṽ E/ Ṽ CO 2 , [29] [30] [31] which is not associated with reduced arterial PCO 2 . 31 Increased dead space 32 and ventilation/perfusion mismatch 33 were thought to be the reasons for increased Ṽ E/ Ṽ CO 2 in these studies. Suggested explanations include reduced cardiac output and microvascular dysfunction in the pulmonary vascular bed. 34 The mechanism in patients with hypertrophic cardiomyopathy requires further study.
CONCLUSIONS
Our study shows that patients with hypertrophic cardiomyopathy have abnormal peak and submaximal exercise responses during incremental upright exercise. The pattern of abnormalities observed suggests that exercise limitation is caused by various diVerent mechanisms including reduced stroke volume reserve, ventilation/perfusion mismatch, and possibly abnormal peripheral oxygen utilisation. The relation of these abnormalities to the clinical phenotype requires further study. 
